We have developed an automated method for measuring shear wave splitting and applied it to SKS phases recorded at permanent broad-band stations in Canada. Our method performs two measurements, one seeking to minimize the energy on the transverse component, the other minimizing the smaller of two eigenvalues calculated from the covariance matrix of particle motion. A short-term-average/long-term-average (STA/LTA) phase picker is used to identify SKS arrivals and successive splitting measurements are made on incrementally larger windows around the SKS arrival. The final result is derived from the longest series of windows over which the splitting parameters remain constant. In this study we have processed over 20 000 station/event combinations from 34 stations and 1540 events. Roughly 2 per cent of the data produce reliable estimates of splitting, due to the stringent quality controls applied. We find good correlation between our results and previously published results from the same stations. At some stations we find significant differences in results between the two methods, an observation that has been verified using manual measurements. In each case, eigenvalue derived measurements are consistent with a single layer of anisotropy but transverse-energy derived results require a more complex interpretation. This discrepancy can be explained by misalignment of horizontal components. Tests with synthetic seismograms show that component misalignment can lead to false interpretations of multilayer or dipping anisotropy using the transverse-energy method. The quality of results at individual stations is variable, being influenced both by the volume of available data (determined by station deployment date and the distribution of natural seismicity), and the performance of the STA/LTA picker used to define the start of the SKS window. We compare the orientation of the inferred anisotropy at each station with local tectonic features and directions of absolute plate motion (APM); there is no consistent correlation. Many stations give results that agree with both, while some agree better with local geology and others agree better with APM directions. Results are available through a dedicated website and provide a potential aid to other studies of anisotropy in the deep Earth.
analyses are normally performed manually and are guided to some degree by human intuition. The anisotropy beneath a seismic station is conventionally characterized by a dozen or so measurements, (e.g. Barruol & Hoffman 1999) .
However, the amount of data available for analysis is increasing dramatically as the age and size of permanent networks get larger (Butler et al. 2004) . Furthermore, temporary networks are now routinely comprised of over 100 stations. For example, USArray, a moving network of 400 broad-band instruments, will blanket the United States in seismic stations for 18-month temporary deployments (Levander et al. 1999) . With such data sets manual measurements of SKS splitting become too time consuming. There is also a need for a consistent approach to measuring splitting at a station; in the past there have been inconsistencies in results reported by different authors for the same station. Hence, there is a need for an automated methodology for estimating shear wave splitting. Here we present such a methodology for SKS splitting and apply it to broad-band seismic stations in Canada.
When investigating SKS splitting, most waveforms will not yield reliable results for a variety of reasons. Event magnitude, S-wave radiation pattern, epicentral distance and station noise all influence the clarity of SKS signals. Unfortunately, the definition of a good splitting measurement is subjective, and results that would be dismissed by one researcher as unreliable may well be acceptable to another. This problem is only exacerbated by the use of different measurement and error estimation methodologies; subtle differences can have significant effects on the interpretation of splitting results. Review papers, (e.g. Silver 1996 ) often compile results from various authors, but the issue of differing methodologies is not usually addressed. One of the aims of our work is to ultimately provide a comprehensive global set of splitting measurements for use by the wider academic community. For example, knowledge of near-station splitting is required to investigate anisotropy in the deeper Earth (Wookey et al. 2005) .
By developing an automated method for measuring shear wave splitting we are able to process a data set far larger than would otherwise be possible and with a consistency that is difficult with manual measurements. For comparative purposes, the landmark paper of Silver & Chan (1991) was based on measurements from 49 events recorded at 21 stations, of which only 62 SKS or SKKS phases were suitable for splitting measurements. In this report we present results from 1540 events recorded at 34 stations (shown in Fig. 1 ), which returns over 20 000 suitable station/event combinations. We compare these results with manual measurements performed on data from a subset of these stations and also with previously published work by other authors.
The data we analyse come from permanent stations of the Canadian National Seismic Network (CNSN) and the IRIS/IDA network (Fig. 1) . These stations cover a remarkably diverse range of tectonic settings and, as such, measurements of SKS splitting at these stations offer insights into the nature of mantle deformation in various tectonic environments. Central to this lies the question of to what degree mantle anisotropy reflects active and past deformation processes (e.g. Silver 1996) . It is possible that more than one domain of anisotropy lies beneath a station. Significant depth-dependent variations in anisotropy can be revealed by splitting results that vary systematically with the incoming azimuthal direction (backazimuth) of the SKS phase (Savage & Silver 1993) . Therefore, confidently estimating multilayer anisotropy requires many measurements from a wide range of backazimuths.
T H E O RY
A planar S wave entering a weakly anisotropic media will split into two independent and perpendicularly polarized waveforms that will travel along the same ray path but separate with time. The orientations of the fast and slow shear waves are controlled by the symmetry or principle axes of the anisotropy. The resultant shear wave splitting can be described by the polarization direction of the first arriving S wave, φ, and the lag time, δt, between the two waves. Diagnostics of such splitting include S-wave energy recorded in the direction perpendicular to the initial S-wave polarization and elliptical S-wave particle motion. Ando & Ishikawa (1982) first used such splitting observations in vertically travelling phases to infer upper-mantle anisotropy beneath Japan. Vinnik et al. (1984) were the first to use observations of shear wave splitting in teleseismic core-transiting phases (e.g.
SKS, SKKS).
Core phases like SKS become radially polarized emerging from the core-mantle boundary due to the P-S conversion, so any detected splitting can be constrained to the receiver side of the ray path. Their steep incidence angles and Fresnel-zone based arguments constrain the inferred anisotropy to the upper-mantle region beneath the station, assuming horizontal polarization directions (Alsina & Sneider 1995) .
If only one anisotropic layer is encountered with horizontal fast and slow polarization directions, φ and δt values will remain constant with varying backazimuth, except where this corresponds to either of these principal axes. Here, the effect of the anisotropy will be to increase or decrease the traveltime residual of the wave accordingly. With the incoming wave remaining polarized in the backazimuth and no energy on the transverse component, φ values generally match either of the principal axes and δt values remain unconstrained. Multiple layers of anisotropy or inclined symmetry axes result in systematic variations of φ and δt with backazimuth (e.g. Plomerova et al. 1996; Silver & Savage 1994 ).
M E T H O D
Measurements were performed on 34 three-component broad-band stations within Canada, 32 stations from the CNSN and 2 stations from the IRIS/IDA (II) network (see Fig. 1 ). These data are archived at the Canadian National Data Center (CNDC) and IRIS Data Management Center (IRIS DMC), respectively. For comparison, manual measurements were performed at ten of these stations using data from events between 1994 and 1998 inclusively. We searched the ISC catalogue to identify suitable events (M W ≥ 5.8) and then calculated the distance to each station. Station/event combinations outside a search window of 90
• and 130
• degrees were discarded. The lower limit ensures that the SKS phase is isolated from other potentially contaminating phases such as the direct S wave or ScS, while the upper limit prevents wasting processing time on more distant events where the SKS phase is normally too weak to provide clear measurements. The arrival time of the SKS phase was then predicted using the IASP91 earth model (Kennett & Engdahl 1991) and a suitable request window defined. A data request was then composed in an appropriate format (e.g. AutoDRM, NetDC or BreqFAST) and sent to the corresponding data centre. These data requests are then processed by the data centres, who subsequently send e-mail notification messages once the data become available. These files are then passed to our automated splitting software. This retrieval process is outlined in Fig. 2 .
We then apply a short-term-average/long-term-average (STA/LTA) picker to more accurately identify the phase onset, and to discard waveforms with no clear SKS phase. This is performed on the radial component using a picking algorithm developed by Earle & Shearer (1994) . The algorithm was initially developed to identify higher frequency P phases, so we have altered the suggested parameters to a combination better suited to identifying SKS phases. Our selection of picking parameters was chosen to be biased towards minimizing false negative results (where a good SKS signal is missed), as we have confidence that our quality control (QC) methods, discussed later, will identify the majority of false positives (where an SKS pick is unjustified). In order to prevent the picking of other phases we only accept picks within 12 s of the predicted arrival time. We define the window start at 5 s before the STA/LTA pick. We then filter the data, using a second order zero-phase bandpass Butterworth filter, with corner frequencies at 0.01 and 0.3 Hz.
Our automated system then performs two independent measurements using the eigenvalue and transverse energy methods described in Silver & Chan (1991) . The eigenvalue method grid searches over φ and δt values for a combination that best linearize the particle motion or, in other words, minimize the smaller eigenvalue of the covariance matrix. The transverse energy method identifies parameters that minimize the energy on the transverse component. Both sets of results are presented here, to ensure compatibility with other work and because we have found inconsistencies between the two methods at some stations. We calculate two 1σ error estimates for Simplified schema of the waveform retrieval process. The creator program identifies suitable data and makes entries into the database. The requestor program identifies these new entries and composes e-mail requests to the external data centres. Replies are sent to an e-mail address, which pipes the text to the receiver program where they are archived as individual files. These are processed by the collector, which identifies and retrieves the new waveform data via FTP. These waveforms are then converted to a common format and passed to the splitting software.
each measurement method, one based on the inverse F-test (Silver & Chan 1991) , and the other based on a bootstrapping technique (Sandvol & Hearn 1994 ) (see references for methodology). In this paper we use the Silver & Chan (1991) error estimates to ease comparisons with other already published work. Both error estimates are available through the website described below. Fig. 3 shows an example of a splitting measurement on an SKS arrival at the station WALA. After choosing the best splitting parameters and making the splitting correction, the SKS signal is removed from the transverse component and the particle motion is linearized.
The most suitable window end time is found by performing successive measurements on incrementally larger time windows. Within this set of values, we find the longest series of measurements over which both φ and δt remain constant and define our window end to be at the centre of this series (see Fig. 4 ). An image is then generated to record information that may be useful for manually reviewing measurements. These are stored as GIF files on the ISC web server (http://www.isc.ac.uk/SKS) and can be accessed by users for manual review of data when using the web interface.
This style of automation, with station/event pairs processed sequentially and only the parametric data archived in the database, does not suit other splitting methods that process data from multiple events simultaneously such as the multichannel analysis of Chevrot (2000) . It is therefore not implemented in this study.
The biggest challenge in automating shear wave splitting analysis has been developing a QC system, as defining what is a good measurement is essentially subjective. We perform five individual QC checks, summarized in Table 1 , each hereafter identified by a letter code. 'A' and 'L' methods define the upper threshold for the errors calculated for polarization angle and lag time, respectively. They are, therefore, dependent on the error estimation method used. The 'T' method defines the maximum value for δt. In our measurements .8875 E, Date: 1996-05-02 13:34, Depth: 490 km). In the top left corner are four waveforms, the top two showing the radial and transverse components of the incoming split SKS phase, the bottom two showing the waveforms after they have been corrected for splitting. In the top right corner are the corresponding particle motion plots oriented north-south/east-west. The bottom left corner shows confidence intervals associated with the measurement calculated using the method of Silver & Chan (1991) . The bottom right corner shows histograms calculated using the bootstrapping method of Sandvol & Hearn (1994) .
we grid searched with δt values up to 12 s. From experience with manual measurements, we have found that for excessively noisy data, δt values tend to drift towards the upper limit of the search window, whatever that may be. By allowing these values to drift so high, well beyond the presumed plausible effects of splitting, we can easily identify and discard these values by setting the 'T' threshold to a more realistic value. The 'O' and 'C' methods measure the linearity of the particle motion. The corresponding values are defined as the ratio of the two eigenvalues of the covariance matrix (min/max) and so can range from 0 (perfectly linear) to 1 (spherical particle motion). For the 'C' method, this is calculated on the waveforms after they have been corrected for splitting; we define an upper threshold and higher values are not linear enough to be considered reliable splitting measurements. With the 'O' method, the linearity is calculated on the original uncorrected waveforms; we define a lower limit, below which the particle motion is too linear to suggest splitting has occurred.
Using the suggested parameters, reliable measurements should trigger no QC flags and account for only 2 per cent of all attempted splitting measurements in this study. Measurements that fail the 'O' test but not the 'A' and 'C' tests are possible null measurements. These still provide valuable information when trying to interpret anisotropy; they should occur parallel to the fast and slow polarization directions from other splitting measurements at a station, if anisotropy is present, or they should occur for all backazimuths in the absence of anisotropy beneath the station. The measurements failing 'L' and 'T' tests can also be associated with null measurements as this occurs when there is little energy on the transverse component to constrain δt values.
R E S U L T S
Results from each station were classified as either good (A) or inadequate for interpretation (B), based on both the number and azimuthal distribution of results, as shown in Table 2 . This is a subjective process, based on visual inspection of individual measurements for clarity and consistency between measurements of similar backazimuths. In our automated data, 15 stations returned good results and 19 return inadequate results. In our 10 stations with manual measurements, 6 recorded good results (a) and 4 returned inadequate results (b), with general agreement between good and inadequate stations in manual and automated data sets.
Splitting results for stations with good data are shown graphically in Figs 5 and 6 for the eigenvalue and transverse-component methods, respectively, and average values are listed in Table 2 . When calculating these averages, obvious outliers were excluded. Our automated results in general match well with manual measurements, which is evidence that our automated procedures work, although the automated data appears to be more scattered (see Fig. 7 for an example). However, there are significant differences between results using the eigenvalue and transverse-component methods at some stations, the clearest example being WALA (see Fig. 7 ), but this effect is also The 'A' and 'L' methods define upper limits for error values defined for φ and δt, respectively. The 'T' method defines a maximum lag value considered realistic for splitting measurements. The 'O' and 'C' methods are calculated from the ratio of eigenvalues in the covariance matrix. The 'O' method defines a limit beneath which original traces are considered too linear to suggest splitting has occurred. The 'C' method defines an upper limit above which corrected particle motion is insufficiently linear to provide a reliable measurement.
apparent at EDM, FRB, YKW3 and YKW4. We are confident these differences are not errors in our code or methodology as they do not occur at every station and the results have been verified using three sets of independently written software. In each case single layer interpretations seem sufficient to explain eigenvalue splitting measurements, while more complex anisotropy is suggested using the transverse energy method. At ALE, DAWY, FFC, PGC, RES, SADO, YKW1 and YKW2 simple one-layer anisotropy models fit the results from both methods. Station INK shows two separate clusters of results, both of which contain convincing splitting measurements and so both results are included in Table 2 . We suggest this may be due to multiple layers of anisotropy or lateral variations in anisotropy, but the restricted distribution of data prevents further interpretation. Similarly at FCC there appears to be a variation in splitting measurements with backazimuth, which suggests either multiple layers or dipping anisotropy but there are insufficient clear measurements to constrain these models with any confidence.
Our results are compared with those previously published in Table 3 . All differences in average φ are ≤8
• , and only drift towards this upper limit when the numbers of data used by other researchers are comparatively small (five or less measurements). Lag time values do not match as well as polarization angle values. Some differences approach 0.6 s, but only at stations where our results suggest complex anisotropy, so the validity of such comparisons is questionable. We were unable to find published results that used the eigenvalue method for stations in this study.
Where differences between measurement methods occur we choose to use the eigenvalue derived results in our interpretation for the following reasons. Firstly, in our examples the eigenvalue results tend to require simpler anisotropy models, that tend to match well with the tectonic structures and/or absolute plate motion (APM) directions (see interpretation below). Secondly there is good correlation between eigenvalue results at YKW3 and YKW4 and those calculated using both methods at YKW1 and YKW2, which in turn match previously published results discussed above. Considering the proximity of all four stations (from 9 to 15 km), we find these differences hard to explain geologically and suggest some other factor such as misalignment of the station horizontal components may be responsible, which is investigated in more detail below. For stations that return inadequate results, where possible we have selected individual splitting measurements based on our subjective assessment of the available data, shown in Table 2 as values in italics. Measurements were selected on the basis of the corrected eigenvalue ratio ('C' method), the ratio of 'O' to 'C' values (in essence a measure of how much 'more linear' the solution is than the original traces) and manual inspection of the results. Note that this process is entirely subjective, but does give us the best estimates to use at stations where more thorough analysis is not possible with this data.
There are several reasons why stations may return inadequate results. Firstly, the performance of the STA/LTA picker may be poor, which may be attributable to noisy recording conditions. Secondly, the station may have been operating for an insufficient length of time. Thirdly, there may be no detectable anisotropy, a null station. This final case can be verified by the presence of null measurements across a range of backazimuths.
There are a few potential null stations in our data, the best example being LLLB (see values in Table 2 ). The STA/LTA picker made a sufficient number of picks on a reasonably large number of waveforms but no reliable data was found using either of the two measurement methods across a range of backazimuths.
In total 21.3 per cent of waveforms triggered the STA/LTA picker, although performance does vary considerably between stations, ranging from below 5 per cent to over 40 per cent. Only 9 per cent of these passed our QC procedures, representing less than 2 per cent of the initial data. Larger numbers of results and, therefore, better data sets are limited to stations for which at least 7 years of data were available.
E F F E C T O F C O M P O N E N T M I S A L I G N M E N T O N S P L I T T I N G M E A S U R E M E N T S
In order to test the effects of horizontal component misalignment on shear wave splitting measurements we have adopted a method similar to that of Silver & Savage (1994) . One cycle of an 8 s period sinusoid padded with Gaussian noise is used as a synthetic wavelet and split with the parameters φ = 45
• , δt = 1s. The north and east components were then rotated by θ degrees to represent misalignment. The effect on apparent splitting parameters using the two measurement methods are shown in Fig. 8 . Positive values represent clockwise misalignments. For the eigenvalue method, which contains no prior assumptions as to the initial polarization of the S wave, this misalignment offsets all φ values by θ degrees while the δt value remains unaffected. However, the transverse energy method rotates the corrected wavelet into radial and transverse components, which will also have been offset from their true orientation by θ degrees. This causes errors in both φ and δt measurements which tend to be more extreme nearer the predicted null directions and with higher values of θ . These plots of splitting parameters against backazimuth share several characteristics with those of multiple layer anisotropy models. These include tangent shaped variations in φ and 90
• periodicity in both φ and δt. To verify whether horizontal component misalignment is responsible for the differences we see in the two measurement methods we compare the initial polarization direction of the SKS phases, calculated from the eigenvectors in the covariance matrix, with backazimuth, see Fig. 9 , along with polarization directions of direct P arrivals. The mean offset from predicted values is 12
• and 8
• , respectively, which compares well with the 10 • suggested in Fig. 8 .
I N T E R P R E T AT I O N
The measured splitting parameters, and hence inferred anisotropy, can be interpreted in terms of past and present mantle processes (Silver 1996) . If the crust and mantle are coupled during deformation (e.g. orogeny), upper-mantle anisotropy will parallel trends in the geological structures. On the other hand, coupling between the base of the lithosphere and the underlying asthenosphere will generate anisotropy oriented in the direction of APM. We can test to see which process is more dominant beneath the Canadian stations by comparing our results with APM directions and geological trends. However, it is important to remember some subjectivity can be introduced here, as different aged tectonic structures can have varying orientations. We calculate APM using three different models (DeMets et al. 1994; Kreemer et al. 2003; Gripp & Gordon 2002) .
Our clearest data come from stations on the Interior Platform (EDM, WALA and YKW1-4). At EDM and YKW we are unable to distinguish between hypotheses as the orientation of tectonic features and current APM coincide and splitting parameters are parallel to both, trending NE-SW (see Fig. 10 ).
Further south at WALA we record similarly oriented splitting measurements, but this station is located within thrust faults associated with the Canadian Cordillera that align roughly NW-SE. This suggests APM must be the dominant process beneath this station. We see close correlation between splitting measurements and the strike of the Tintina Trench at DAWY, further north within the Canadian Cordillera. This fault effectively outlines the limits of deformation related to the orogeny, which suggests vertically coherent deformation at this station.
At PGC on Vancouver Island there is significantly better correlation between splitting measurements and the APM of the subducting Juan de Fuca plate, rather than any features related to the overriding North American plate, as is also discussed by Currie et al. (2004) .
There is reasonable correlation between splitting measurements at ALE and nearby faults related to the Proterozoic Innuitian orogeny (Fig. 11) , although the region later underwent similarly oriented compressional tectonics in the Late Cretaceous-Early Oligocene Eurekan orogeny (Aitken 1993) . Both these results agree with the observations of Bostock & Cassidy (1995) and Hellfrich et al. (1994) , respectively. There is a close correlation between measurements at LMN and the trend of structures related to the Appalachian orogeny (Fig. 12 ), but this result is only based on 5 measurements. Barruol & Hoffman (1999) and Levin et al. (1999) arrived at a similar conclusion for other Appalachian stations. There is also some correlation between splitting parameters at SADO in Ontario and the orientation of the boundary between the Grenville Province and the St. Lawrence Platform (Douglas 1973) .
At other stations correlations are less clear. At FRB tectonic structures trend NW-SE, which does not correlate well with splitting measurements which align E-W. APM models at this station are closer, but there is significant disagreement between models at this station, varying from −75
• to −120
• . Splitting measurements at FFC are orientated NE-SW, which align better with approximately WSW APM models than the E-W faults in the area. At RES neither tectonic structures (N-S) or APM models (−104
• to −146
• ) correlate with splitting measurements, which are clustered around −60
• . Unfortunately our automated method has not returned good results from the dense network of broad-band stations in southern British Columbia due to their relatively recent deployment and, therefore, limited data. Individual splitting measurements were possible at some stations, but we suggest results from the more detailed study by Currie et al. (2004) are more reliable. 
C O N C L U S I O N S
We have developed an automated shear wave splitting measurement method. Tests with data from seismic stations in Canada show that there is a good correlation between automated and manual results and with those of other authors. Phase onset is found using the STA/LTA picker of Earle & Shearer (1994) and the selected window size is based on the analysis of repeated measurements over progressively larger windows. Our clearest data is from stations where at least 7 years of waveform data were available. This figure is not necessarily indicative of a global average as results are dependent on local noise conditions and the distribution of natural seismicity.
Only 2 per cent of all requested data passed our QC procedures, although this figure could be increased if optimum QC parameters were found for individual stations. The effects of horizontal component misalignment on transverse energy method measurements share many characteristics with multilayer anisotropy models, including tangent shaped variations in φ and 90• periodicity in both φ and δt. We find that the eigenvalue method is more stable under these conditions, with misalignment manifesting itself as errors in polarization direction rather than more complex anisotropy models. We suggest researchers using the transverse energy method who find results indicative of more complex anisotropy models eliminate the possibility of misalignment by comparing results with eigenvalue derived measurements and/or the polarization of direct P arrivals.
Splitting results from Canadian stations parallel tectonic structures in the Northern Canadian Cordillera, the Innuitian orogeny and in the Appalachian orogeny. This is consistent with the hypothesis of vertically coherent deformation between the crust and mantle. At stations in central Canada, splitting measurements more closely align with APM directions than geological features, but correlation is less well defined. This could be because APM is an oversimplification, and more detailed 3-D mantle flow models may be required, (e.g. Fouch et al. 2000; Becker et al. 2003) .
Our results suggest that the dominant cause of anisotropy will depend on the nature of the tectonic environment. Such conclusions should be more apparent as data from more stations are analysed, and future work involves automated analyses of SKS splitting at GSN stations worldwide. Splitting measurements generated in this study are available through a web interface located at http://www.isc.ac.uk/SKS and all source code used in this study are available via FTP at ftp://ftp.isc.ac.uk/pub/SKS.
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